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Abstract
This study investigated the influence of cerium nitrate in vanadate solutions on the properties of Ce–V conversion coatings on AZ31 magnesium
alloys, and evaluated the self-healing behavior of the Ce–V conversion coating for AZ31 magnesium alloy. The results showed that the additions
of cerium nitrate prevented pentavalent vanadium from reducing to tetravalent vanadium in the coatings during conversion reaction process.
Adding appropriate cerium nitrate to vanadate solution led to a thicker coating with a more compact CeVO4 layer. The corrosion behavior of the
Ce–V conversion coating was investigated by the electrochemical tests and the scratch immersion test in 3.5 wt.% NaCl solution. The self-healing
ability of the coating was confirmed from all tests. The surface analysis revealed that the self-healing effect of the Ce–V conversion coating was
only provided by the release and migration of vanadium compounds.
© 2016 Production and hosting by Elsevier B.V. on behalf of Chongqing University. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
The increased demands for light-weight material with
improved mechanical properties to replace heavy steel alloys in
transportation industries for fuel consumption saving and
reduction of carbon dioxide emission result in increasing atten-
tion on magnesium alloys [1,2]. Unfortunately, compared to
other metals, magnesium alloys are vulnerable to corrosion due
to the high chemical reactivity of magnesium (standard elec-
trode potential: −2.37 V) and the formation of loose oxide film
on surface. Surface modification is an essential process for
protecting magnesium and its alloys from corrosion. Among the
various surface modification techniques, chemical conversion
treatment is widely used for magnesium alloys because of low
cost, simplicity in operation and the strong adhesion of formed
coating to subsequent protective painting. The conventional
conversion coating for magnesium alloys in industry is the
chromate conversion coating (CCC). This coating system pro-
vides good barrier protection to magnesium alloys and it pos-
sesses self-healing ability because of soluble Cr(VI) species in
the coating.
Chromate is an oxidizing oxyanion of chromium with
superb corrosion prevention properties for a wide range of
metals, but this property is also the reason why it is toxic and
carcinogenic [3]. When magnesium alloys are exposed to the
chromate (VI) solution, the oxidation of magnesium and
reduction of Cr(VI) to form Cr(III) hydroxide and oxide are
triggered, and then the Cr(III) polymerization reaction occurs.
The formed coating contains ~30% Cr(VI) and ~70% Cr(III)
[4,5]. The Cr(III) oxy-hydroxy polymers form the interior
of the coating and they bind by Cr(VI) creating a covalent
Cr(VI)—O—Cr(III) liaison [6,7]. Therefore, the outermost
layer of the coating is enriched with Cr(VI) [7–9]. Upon expo-
sure to water or salt solution, Cr(VI) species are released from
the CCCs, particularly when they are scratched to refresh the
coating area. This released Cr(VI) then diffuses to a defect to
passivate the surface by producing Cr(OH)3 and Cr2O3 [7], or
the soluble polar oxo-Cr(VI) exchange for chloride ions and
prevents interfacial damage [10].
A coating system always undergoes changes in mechanical
properties leading to formation of damages during its service
life, which results in localized corrosion and accelerated
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disbanding of the paint. Active “self-healing” of defects in
coatings is necessary to provide long term protection and
prolong maintenance intervals. Therefore, the researchers
usually pay more attention to its self-healing ability when one
alternative coating treatment has been developed. In recent
years, the raising papers have reported that introduction of Ce
species in coatings can offer self-healing property to the coating
system, which improves the corrosion resistance for long term
exposure in salt solution [11–15]. Dias et al. found that addition
of Ce-enriched zeolite microparticles to the hybrid ZrO2/SiO2
sol–gel coating significantly enhances the active component of
the corrosion protection and this behavior can be explained by
release of Ce(III) from the structure of zeolite at acidic pH [11].
With regard to conversion coatings, Yoganandan et al. devel-
oped a zirconium–cerium conversion coating and found that
even though the introduction of Ce species deteriorates the
barrier layer property of zirconium conversion coating, it sig-
nificantly improves the corrosion resistance for long term expo-
sure in aggressive NaCl environment [14]. However, the cerium
based conversion coating provides poor inhibition for long
duration [15]. It has been reported that the release of cerium
species from the cerium based conversion coatings is detected
only when the immersion solution had a pH of 2 [16]. The
different performances for these coatings may be attributed to
the different chemical state of Ce in coatings.
Vanadate is used as a corrosion inhibitor in many paint or
pigment systems, but the works on vanadium oxide-based con-
version coating to protect magnesium alloys just arise in recent
years [17–24]. Hamdy et al. identified that vanadium conver-
sion coating has a certain self-healing ability similar to CCCs
for magnesium alloys, although its barrier protection is poor
(the value of |Z| is under 1000 Ω cm2) [17–19]. Li et al. deter-
mined optimum operating conditions of formation of the vana-
dium conversion coating, and they also researched the self-
healing ability of the developed coating by cross-cut tests with
morphology observation and electrochemical analysis in detail
[22]. This ability was also found in vanadium–zirconium com-
posite conversion coating, which is due to the release of V from
coating and precipitate by hydrolysis condensation polymeriza-
tion in corrosion areas [23]. In our previous work, a Ce–V
conversion coating was developed on AZ31 magnesium alloy
[24]. Ce and V species provide synergistic effect, which not
only improves the corrosion inhibition, but also shortens the
coating formation time and ensures the stability of the conver-
sion solution. However, the question of whether the introduc-
tion of the two species can endow this coating with self-healing
ability remains to be answered.
Therefore, the focus of this paper is on the investigation of
the abovementioned question. Because the vanadium conver-
sion coatings generally possess a self-healing effect based on
the existing researches, the addition of cerium salt is the key
factor to influence the self-healing effect [17–19,22,23]. Thus,
the SEM and X-ray photoelectron spectrometer (XPS) were
employed to analyze the variations in morphology and compo-
sition of the Ce–V coating due to the different concentration of
Ce. The long-term corrosion protection of the Ce–V conversion
coating for NaCl solution exposure was studied by electro-
chemical impedance spectroscopy (EIS) and scratch immersion
test.
2. Experimental
2.1. Materials
The material used in this work was AZ31 magnesium
alloy (95.75 wt.% Mg, 2.96 wt.% Al, 0.93 wt.% Zn, 0.33
wt.% Mn and balance Fe, Si, Cu, Ni) with a size of
30 mm × 30 mm × 1 mm. The substrates were mechanically
ground with SiC paper to 2000 grit, degreased in acetone,
washed with deionized water and dried in cold air.
2.2. Preparation of the Ce–V conversion coating
The AZ31 samples were ultrasonically washed in 0.8 vol.%
HNO3 for 10–20 s and rinsed with deionized water to remove
the magnesium oxide layer. The cleaned samples were
immersed in 16 vol.% HF for 5 minutes and rinsed with deion-
ized water to remove all residual acid before being treated. All
the above steps were carried out at room temperature. Finally,
the samples were treated in the conversion solution composed
of 19.7 mM NaVO3 and 0.92–46.1 mM Ce(NO3)3•6H2O at
50 °C for 20 minutes, rinsed with deionized water and dried in
air. The pH of the solution was about 2.5, adjusted by HNO3.
2.3. Surface characterization
The surface morphology of the Ce–V conversion coating on
the AZ31 magnesium alloy was characterized by using a FEI
Quanta 650 environmental scanning electron microscope
(SEM). The chemical composition was determined by a Kratos
Axis Ultra X-ray photoelectron spectrometer (XPS) using a
monochromated Al Kα X-ray source. The surface was sputtered
by Ar+ bombardment at 3 kV for 50 s. All energy values were
corrected according to the adventitious C 1s signal, which was
set at 284.8 eV. Peak fitting and quantification of the XPS
spectra were performed with CasaXPS software. Every signal
was collected three times for reproducibility.
2.4. Electrochemical techniques
The anticorrosion and self-healing performance of the
samples was evaluated by the electrochemical impedance spec-
troscopy (EIS) test using a PARSTAT 2273 electrochemical
system in 3.5 wt.% NaCl solution. The experiments were
carried out in a three-electrode cell with a platinum plate (Pt)
as counter electrode and an Ag/AgCl electrode as reference
electrode, and a sample as working electrode exposed a
surface area of 1 cm2. The EIS was performed between 10 mHz
and 100 kHz with 10 mV AC with five points per decade.
ZSimpWin software was used for the EIS data analysis, syn-
thesis of the equivalent circuit and fitting the experimental data.
2.5. Scratch immersion test
The self-healing ability of the Ce–V conversion coating was
also evaluated by the scratch immersion test. A knife (10 µm
thickness) was used to scratch from the coating into the
substrate. The scratched samples immersed in 3.5 wt.% NaCl
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solution at room temperature. The macro-images of the samples
were taken by a digital camera, while surface morphology and
the corresponding element composition were investigated by a
FEI Quanta 650 environmental scanning electron microscope
(SEM) and an Oxford energy dispersive X-ray spectrum (EDS).
The operating voltage of EDS was 3 kV.
3. Results and discussion
3.1. Effect of cerium nitrate concentration on the properties
of the Ce–V conversion coating
3.1.1. Morphology and composition of the Ce–V conversion
coating
A variety of colors were observed on the coatings formed in
the composite solution with various amounts of cerium nitrate.
The coating formed in the solution containing 0.92 mM
Ce(NO3)3 displayed a light yellow color. The color of the
coating was, in order, yellow, golden yellow, light brown and
brown as the Ce(NO3)3 concentration was increased from 4.61
to 46.1 mM. In general, the color of the coating became deeper
when more Ce(NO3)3 was added in the conversion solution.
Fig. 1 shows the surface morphology of the AZ31 Mg
samples after immersion in the solution containing different
amounts of Ce(NO3)3, while the vanadate was fixed at 19.7 mM.
The vanadate conversion coating was uniform and smooth with
some micro-cracks on the surface (Fig. 1a). The inset cross-
sectional SEM image shows the coating with a homogeneous
and dense structure has a thickness of about 500 nm. When
cerium nitrate was added into the conversion solution, more and
more particles deposited with the increasing concentration of
cerium nitrate (Fig. 1b–f). Furthermore, the fine particles just
deposited “on” the coating when the concentration of cerium
nitrate was kept at 0.92–4.61 mM (Fig. 1b,c), while the fine
particles deposited “in” the coating when the concentration of
Fig. 1. Surface morphology of the conversion coatings obtained in the vanadate solutions with the additions of (a) 0, (b) 0.92, (c) 4.61, (d) 9.21, (e) 23 and (f)
46.1 mM cerium nitrate.
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cerium nitrate was kept at 9.21–46.1 mM (Fig. 1d–f). More-
over, the coating thickness increased with the increasing
Ce(NO3)3 concentration (Fig. 2). However, the number and the
width of the cracks on the surface of the coating also increased
with increasing cerium nitrate concentration. Cracks have been
commonly seen on the conversion coatings on magnesium
alloys and are likely due to dehydration during the drying
process [2,17–24]. Shrinkage in volume due to dehydration
induces tensile stresses, leading to the formation of cracks on
the coating. Higher stresses caused by the larger volume shrink-
age associated with a thicker coating account for the fact that
the thicker coating generally suffered more severe cracking and
even peeled off somewhere as shown in Fig. 1f.
The chemical composition analysis of the Ce–V conversion
coating formed with different Ce(NO3)3 concentrations was
performed using XPS. Table 1 exhibits the existence of Mg, Ce,
V and O in these coatings. The contents of Ce and V increased
with the increasing Ce(NO3)3 concentration. Fig. 3a and b show
the corresponding changes in Ce 3d and V 2p spectra. Peak
fitting of Ce 3d involves a complex structure with 10 compo-
nents [25]. The labels (u1, u2, u3, u4, u5,) and (v1, v2, v3, v4, v5)
refer to the Ce 3d5/2 and Ce 3d3/2 components, respectively. As
shown in Fig. 3a, the satellite peaks (u2, u4, u5, v2, v4, v5) are
associated with the Ce (IV) species [25,26]. Especially, the
most characteristic peak of Ce (IV) is peak v5 (916 eV), which
is absent in Ce (III). The other four additional peaks (u1, u3, v1,
v3) indicate the presence of Ce (III). The Ce(IV)/Ce(III) atomic
ratio is approximately 5%/95% for all the spectra, indicating
that the increasing Ce(NO3)3 concentration has no effect on the
oxidation state of cerium despite obvious changes in the mor-
phology. In Fig. 3b, the V 2p region can be decomposed into
two contributions corresponding to the valance states of V. Each
contribution consists of a doublet between the 2p3/2 and 2p1/2
peaks. The doublet composed of two peaks located at 517.7 eV
(V 2p3/2) and 524.5 eV (V 2p1/2) is assigned to V(V) [26]. The
peaks of the doublet composed of two peaks located at
515.8 eV (V 2p3/2) and 523.2 eV (V 2p1/2) are assigned to V(IV)
[26,27]. Fitting of V 2p of the vanadium conversion coating
shows it is composed of 59 at.% V(V) and 41 at.% V(IV)
oxides/hydroxide. However, the increase of cerium nitrate in the
conversion solution gives a decrease in the amount of the
species V(IV). When the Ce(NO3)3 concentration rises to
9.21 mM, only V(V) species is detected on the formed conver-
sion coating, and the contents of Ce and V are almost equal
(Table 1). All the XPS analysis demonstrates that CeVO4
(Ce(III)—O—V(V)) is generated when Ce(NO3)3 is added into
the conversion solution, which prevents the reduction of the
vanadium atoms from pentavalent to tetravalent oxidation state
[28–31].
Generally, most vanadate conversion coatings are composed
of both V(V) and V(IV) hydroxide/oxide similar to CCCs,
which also contain two different oxidation states of Cr [17–23].
Fig. 2. The thickness of the Ce–V conversion coatings on AZ31 Mg alloy as a function of the concentration of cerium nitrate.
Table 1
The elemental quantification in atomic percent (at.%) of superficial layers of the
coating formed with different Ce(NO)3 concentration in vanadate solution.
Adventitious carbon was detected and used for calibration purposes but it was
not included in the quantification.
0 mM 0.92 mM 4.61 mM 9.21 mM 23 mM 46.1 mM
O 1s 55.67 57.21 58.48 62.54 61.06 62.47
Mg 2p 17.42 14.82 10.12 7.83 7.73 6.73
Al 2p 1.81 0.74 – – – –
Ce 3d - 5.42 11.16 15.17 16.56 14.81
V 2p 25.1 21.81 20.24 14.46 14.65 15.99
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Based on the above results, it can be concluded that the addi-
tions of cerium nitrate make both the coating morphology and
the chemistry of vanadium greatly change. It is worth to inves-
tigate the influence of these changes on the barrier property and
self-healing effect of the Ce–V conversion coating.
3.1.2. Corrosion resistance of the Ce–V conversion coating
The coating thickness and the crack are both important
evaluation indexes for corrosion resistance of a coating. The
thicker the coating the higher resistance, whereas the more
severe the crack the lower the resistance. However, in this case,
the thickness and the integrity of the coating have the contrary
developments with the increasing Ce(NO3)3 concentration.
Thus, it is difficult to know the optimum concentration of
Ce(NO3)3 for the formation of the Ce–V conversion coating.
The direct method to evaluate the protective properties of these
Ce–V conversion coatings is measured by their impedance in a
corrosive solution. Fig. 4 presents the Nyquist plots of the
samples coated with the Ce–V conversion coatings after 4 h at
OCP in 3.5 wt.% NaCl solution. When the Ce(NO3) 3concen-
trations in the conversion solutions vary from 0 to 23 mM,
two capacitive loops at high and medium frequencies are
respectively found for these coated samples. When the
Ce(NO3)3 concentration in the composite conversion solutions
is 46.1 mM, the Nyquist plots are characterized by two capaci-
tive loops at high and medium frequencies, accompanied by an
inductive loop in low frequency. This loop of all these samples
at high frequencies is attributed to the conversion coating. This
loop diameter increases with the increasing Ce(NO3)3 concen-
tration from 0 to 9.21 mM, and decreases with the increasing
Ce(NO3)3 concentration from 9.21 to 46.1 mM. Obviously, the
highest corrosion resistance was obtained from the sample
treated in the conversion solution with 9.21 mM cerium nitrate.
This result indicates a significantly improved barrier protection
of the Ce–V conversion coating formed with appropriate
Ce(NO3)3 concentration (9.21 mM) as compared to that of the
vanadium conversion coating.
3.2. Investigation of self-healing effect of the Ce–V
conversion coating
In this paper, for studying the self-healing effect, the long
term corrosion inhibition performances of the Ce–V conversion
coating formed with the optimum conditions (Ce(NO3)3
9.21 mM, NaVO3 19.7 mM) were investigated.
3.2.1. Electrochemical impedance spectroscopy
The corrosion behaviors of bare AZ31 Mg alloy and that
coated with the Ce–V conversion coating were investigated by
measuring impedance exposed to 3.5 wt.% NaCl solution.
Fig. 5 shows the selected representative plots of bare AZ31 Mg
for 4 h, 12 h, 24 h and 48 h of immersion. In Nyquist plots
(Fig. 5a), the AZ31 Mg alloy substrate shows two capacitive
loops at high and medium frequencies and an inductive loop at
low frequencies. Magnesium tends to form an oxide/hydroxide
layer in a neutral aqueous solution, which is porous and does
not cover the whole surface [32,33]. The capacitive loop at high
frequencies is attributed to a magnesium oxide/hydroxide film
on alloy surface and the loop at medium frequencies is related
to the metal dissolution through the pores and cracks of this
layer [13]. The inductive loop at low frequencies is ascribed to
relaxation of adsorbed corrosion species on the substrate
surface. By increasing the immersion time from 4 h to 48 h, the
Nyquist plots show an increase in the size of capacitive loop
related to higher resistance, which is attributed to corrosion
product precipitation on the surface. However, the size of
inductive loop also increases with the time, indicating more
serious pitting corrosion of the Mg substrate for long immer-
sion time.
The Bode phase angle plots (Fig. 5b) show three time con-
stants for the AZ31 alloy. The maximum phase angle for the
time constant appears around 1 kHz in the first 4 h of immer-
sion, while the maximum is obviously shifted to lower frequen-
cies by the increasing immersion time, delaying the substrate
Fig. 3. Ce 3d (a) and V2p (b) spectra of the conversion coatings obtained in the
vanadate solutions with the different additions of cerium nitrate.
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Fig. 4. Nyquist plots of the various vanadate/Ce–V conversion coatings tested in 3.5 wt.% NaCl solution.
Fig. 5. Nyquist plots (a) and Bode plots (b) of the AZ31 Mg alloy for different immersion times in 3.5 wt.% NaCl solution.
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dissolution process. This phenomenon is attributed to the for-
mation of magnesium oxide/hydroxide layer on the surface
which is thickened gradually with increased time [33]. More-
over, the maximum phase angle increases from about −75° to
−55°, which means the oxide/hydroxide layer is porous and
defective due to the added formation of loose corrosion
product, although this layer is thickened at the same time [34].
The impedance spectra of the Ce–V conversion coating for
one week of immersion in NaCl solution are shown in Fig. 6,
which have a complete different evolution for the immersion
time compared to the bare one. In Nyquist plots (Fig. 6a), two
capacitive loops are found for the system. Before 48 h of
immersion, the dimension of the capacitive loop decreases by
the immersion time, indicating the degeneration of barrier pro-
tection of this coating. Furthermore, a small amount of induc-
tive points at the lower frequencies is observed for 48 h of
immersion. This phenomenon may be ascribed to dissolution of
magnesium caused by the diffusion of corrosive salt solution
into the substrate through the micro-cracks of the Ce–V con-
version coating. After 72 h, the inductive loop disappears, and
the size of the capacitive loop increases inversely and remains
stable until 144 h. The more direct comparison of the total
corrosion resistance can be estimated from the value of |Z| in
the low frequency region in the modulus bode plots. It is evident
from Fig. 6b that the impedance value of the Ce–V conversion
coating decreases from ~9 × 103 Ω cm2 to ~6 × 103 Ω cm2 at an
initial stage of 48 h of immersion, whereas the 72 h of immer-
sion shows a high impedance value at the low frequencies,
around 104 Ω cm2. This value for the impedance module is
approximately the same for 96–144 h of immersion. After 168 h
of immersion, the impedance value falls back to ~6 × 103 Ω
cm2. From Fig. 6c, it is evident that the Ce–V conversion
coating shows a stable state in phase angle plot with respect to
immersion period. The maximum phase angles of all immersion
periods appear at a frequency of around 144 Hz, while all the
maximum phase angles are about −80°, suggesting that the
Ce–V conversion coating is much more intact all the time
during the immersion tests compared with the natural magne-
sium oxide/hydroxide film. Based on the above, it can be stated
that the coating keeps good corrosion inhibition for long term
exposure in corrosive salt solution.
In order to further discuss the protective property of the
Ce–V conversion coating, the equivalent circuits for bare AZ31
Mg alloy and that coated with this coating were developed and
Fig. 6. Nyquist plots (a) and Bode plots (b, c) of the Ce–V conversion coating for different immersion times in 3.5 wt.% NaCl solution.
236 X. Jiang et al. / Journal of Magnesium and Alloys 4 (2016) 230–241
are presented in Figs. 5a and 6a, respectively. The fitted results
obtained in this way are depicted by the full lines in Figs. 5 and
6, with the fitting data also listed in Tables 2 and 3. In general,
time constant present at higher frequencies is attributed to the
resistive behavior of defects present in the coating. The time
constant at lower frequencies is related to the charge transfer
resistance of interfacial layer between metal surface and coating
interface [35,36]. Rs refers to the solution resistance between
working electrode and reference electrode. Rcoat, the resistance
of the coating, parallels with constant phase element CPEcoat.
Rct, the charge transfer resistance, parallels with CPEdl. Con-
stant phase elements (CPEs) are used instead of pure capaci-
tances since the phase angle is not equal to −90°. RL is the
inductance resistance with inductance L.
According to the fitting results, for that of bare Mg alloy, the
resistance and capacitance values increase with immersion time
(Table 2). This behavior is due to the formation of loose mag-
nesium oxide/hydroxide film, which precipitates on the Mg
alloy surface, blocking the substrate. Despite the increased
resistance, the film is not protective and that is defective with
higher capacitance.
Unlike the corrosion behavior of AZ31 Mg alloy, that of
Ce–V conversion coating has different representations at dif-
ferent intervals during immersion in salt solution for one week.
A gradual decrease in the Rcoat value is observed for the coating
during 48 h (Table 3) due to initiation of corrosion attack. But
after 72 h, it shows an increased Rcoat value, which is almost
equal to the value of 4 h of immersion. During further immer-
sion periods, it shows stabilization in Rcoat value until 144 h.
Further immersion after 168 h shows a sudden drop in Rcoat
value, which is probably due to breakdown of the formed
passive layer. However, The Rcoat value of Ce–V conversion
coating for 168 h of immersion is still much higher than that of
the bare AZ31 Mg. Rct is also an important parameter to evalu-
ating the corrosion resistance. The variation in Rct of the Ce–V
conversion coating has the same trend as Rcoat. From Table 3, a
decrease in Rct from 4 h to 48 h of immersion and a sudden rise
in Rct after 72 h can be observed. Subsequently, the Rct value
slightly increases with the increasing time during further expo-
sure in the salt solution. Based on the above, the increase in R
value manifests the corrosion resistance property of the coating
is improved in corrosive salt solution after 72 h of exposure.
Analysis of CPE values contributes to understanding the
capacitive behavior of the coating due to corrosion. The higher
CPE values signify the more water uptake in coating and more
electrolyte absorption increases the corrosion kinetics [37]. The
CPEcoat value of the Ce–V conversion coating increases with the
immersion time, which is the same as that of bare AZ31 Mg, but
the CPE values and the increments were both lower than those
of bare AZ31 Mg (Tables 2 and 3). Especially, the CPEcoat value
continually increases in the early 48 h of immersion, then
remains at around 57 µF cm−2 for the further immersion. The
result reveals that some substances are generated to prevent
coating deterioration, but the substances are more than corro-
sion product (loose oxide/hydroxide layer). This conclusion is
confirmed by Fig. 7. Fig. 7 shows the evolution of the coating
morphology with immersion time. After 12 h of immersion in
NaCl solution, the dissolution of magnesium substrate caused
by the diffusion of salt solution through the cracks leads to the
coating deterioration, which mainly occurs at the edge of the
cracks (Fig. 7a). After 72 h of immersion, the accretion of
the flower-like flakes heals the breakage of the coating. This is
the reason for the inverse increase of corrosion resistance after
72 h. Actually, the self-healing effect of the coating and the
coating deterioration by corrosion attack occur simultaneously.
When the coating deterioration plays a dominant role in the
immersion process as shown in Fig. 7c, the coating gradually
loses the protection for the magnesium substrate.
By comparing the corrosion behavior of bare AZ31 Mg alloy
and the one coated with the Ce–V conversion coating, it can be
concluded that the coating exhibits good barrier properties, and
it also improves the corrosion resistance for long term exposure
Table 2
Parameter values obtained from the simulation circuit for AZ31 Mg alloy immersed in 3.5 wt.% NaCl solution up to 48 h.
Time Rs (Ω cm2) Rcoat (Ω cm2) CPEcoat (µF cm−2) ncoat Rct (Ω cm2) CPEdl (µF cm−2) nct L (H cm−2) RL (Ω cm2)
4 h 6.21 ± 2.16 72.12 ± 11.3 17.39 ± 9.43 0.93 129.44 ± 28.7 29.3 ± 6.84 0.75 94.14 ± 8.5 65.78 ± 5.71
12 h 6.89 ± 1.56 90.6 ± 7.34 88.97 ± 12.46 0.86 131.8 ± 19.54 106.7 ± 14.73 0.73 138.25 ± 13.76 94.66 ± 11.6
24 h 8.01 ± 3.6 127.2 ± 10.54 102.03 ± 21.4 0.87 273.36 ± 20.5 213.41 ± 20.9 0.81 129.79 ± 24.68 97.24 ± 9.25
48 h 11.25 ± 2.3 295.5 ± 24.65 184.8 ± 17.76 0.72 400.4 ± 38.97 169.1 ± 15.32 0.76 142.45 ± 21.1 191.42 ± 19
Table 3
Parameter values obtained from the simulation circuit for the Ce–V conversion coating immersed in 3.5 wt.% NaCl solution up to 168 h.
Time Rs (Ω cm2) Rcoat (Ω cm2) CPEcoat (µF cm−2) ncoat Rct (Ω cm2) CPEdl (µF cm−2) nct
4 h 16.44 ± 1.57 6032.73 ± 357.42 11.59 ± 0.48 0.92 3124.32 ± 169.45 8.3 ± 0.41 0.91
24 h 16.18 ± 1.84 5601.38 ± 304.58 31.02 ± 2.62 0.9 2831.52 ± 103.52 22.67 ± 0.97 0.94
48 h 17.01 ± 1.93 3756.32 ± 211.61 58.47 ± 5.76 0.91 2623.47 ± 121.78 31.75 ± 2.32 0.91
72 h 14.68 ± 0.86 5944.64 ± 231.92 57.65 ± 3.54 0.94 4014.5 ± 169.49 34.81 ± 2.5 0.95
96 h 15.32 ± 0.91 5793.31 ± 187.95 55.12 ± 7.45 0.91 4407.28 ± 173.5 33.65 ± 3.01 0.95
120 h 13.96 ± 1.07 5900.39 ± 192.02 56.23 ± 8.26 0.92 4496.91 ± 210.79 30.28 ± 2.77 0.93
144 h 14.09 ± 1.2 5775.07 ± 166.27 57.44 ± 5.93 0.92 4207.35 ± 197.3 33.46 ± 4.04 0.9
168 h 17.05 ± 2.34 3715.21 ± 104.5 53.86 ± 5.38 0.89 3190.86 ± 153.4 41.72 ± 4.69 0.91
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in aggressive Cl− ion environment. The improvement action
can be termed as active corrosion protection. It has been
reported that both Ce (III) and V(V) ions have the tendency to
migrate and form a stable passive layer on metal surface
[11–14,17–19,22,38]. Hence, the improvement action by the
growth of passive layer can be attributed to the soluble Ce(III)
and/or V(V) in the Ce–V conversion coating.
3.2.2. Scratch immersion test
The self-healing ability of the Ce–V conversion coating on
AZ31 alloy substrate was visually examined by immersion
test in 3.5 wt.% NaCl solution. Fig. 8 shows the optical
images of the bare AZ31 Mg alloy and the Ce–V conversion
coating with scratches for different immersion times. After 4 h
of immersion, severe filiform corrosion and pitting corrosion
occurred on the surface of bare AZ31 Mg alloy (Fig. 8a) and
the scratches were full of corrosion product. In contrast, no
corrosion was visible on the sample with the Ce–V composite
conversion coating (Fig. 8b). The coating was uniform with
yellow metallic luster. During further immersion, the color of
the coating faded gradually with increasing time but still
remained intact, and the scratches were nearly free of
corrosion (Fig. 8c and d). After 168 h of immersion, the
coating showed localized corrosion at its margins (Fig. 8e).
The corrosion and repair behaviors of some pits on the Ce–V
conversion coating are worth mentioning. The reason for the
formation of these defects lies in two aspects: (1) the residual
pits after grind; and (2) the pores caused by the hydrogen
buddle stagnation in the conversion reaction. As shown in
Fig. 8, the localized corrosion propagated in the marked pore
before 48 h of immersion, and then the corrosion area
diminished gradually with increasing time, indicating the
self-repairing of this coating. All the observations make this
consistent with the electrochemical analysis results.
In order to further investigate the self-healing property of
the Ce–V conversion coating, SEM and EDS were performed
to characterize the morphology and chemical composition
changes of the scratches for different immersion times as shown
in Fig. 9. Fig. 9a shows the morphology in the scratch zone of
the coating after 4 h of immersion, revealing that filamentous
substance was spreading in the scratch. Meanwhile, elements
Mg, Al, V and O were detected in the scratch of the coating. As
a comparison, the SEM image of bare AZ31 Mg alloy with
scratch upon immersion in NaCl solution for 4 h exhibits a
different morphology of the accretion of loose corrosion
product and the corresponding EDS spectrum illustrates that
the corrosion product consists of Mg, Al, O, Na and Cl
(Fig. 10). After 72 h of immersion test, the filamentous sub-
stance aggregates greatly increased in the scratch zone, while
the content of V obviously increased (Fig. 9b). As the immer-
sion time went on for 168 h, the scratch was filled by a mud-
crack layer attributed to the increasing formation of filamentous
substance (Fig. 9c). It is well known that thicker coating leads
more cracks on its surface. Consequently, the scratches were
sealed in this way to retard the diffusion of corrosive salt solu-
tion and thus inhibited the development of corrosion process.
Fig. 9d displays the morphology of the marked pore in Fig. 8
after 168 h of immersion. It illustrates that the localized area
due to corrosion attack was blocked by the accretion of flower-
like flakes that have a similar morphology as shown in Fig. 7b.
The EDS analysis of this area reveals the presence of a high
amount of V in the accretion of flakes. Therefore, it can be
concluded that V ions were released from the Ce–V conversion
coating and acted at incipient pits prohibiting their propagation
in the corrosive environment. These results are similar to that
Fig. 7. Surface morphology of the Ce–V conversion coating after (a) 12 h, (b)
72 h and (c) 168 h of immersion in 3.5 wt.% NaCl solution.
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reported about the self-healing behavior of vanadate conversion
coating.
Obvious triggers for healing are water and chloride [3].
Water uptake allows soluble inhibitor species to be released
from the coating system and diffuse to defects to provide in-situ
corrosion prevention or repair. The dissolution of inhibitor
depends on the pH of the interface between coating and solu-
tion, and the soluble species in turn change the pH of the
interfacial solution, while the initial corrosion process, the
anodic dissolution of magnesium and hydrogen evolution at
the cathodic sites also affect the pH value. During the immer-
sion in a salt solution, the interfacial pH and the amount of
inhibitor gradually reach the dynamic balances by the compli-
cated process. The balances are disturbed by initial corrosion
when defects or pits occur and then gradually are restored by
repairing the defects/pits. Based on the above surface analysis,
it confirms that only vanadium species release from the Ce–V
conversion coating and inhibit the corrosion propagation in the
complicated process, even though the content of Ce in the
coating is similarly high as that of V. In order to fully understand
the self-healing performance and mechanism of this coating,
comprehensive experiments about the quantity, the mobility, the
diffusion capacity of the released V, its chemical form and the
form of Ce in the coating are in progress.
4. Conclusion
1 The microstructure and corrosion resistance of the Ce–V
conversion coating on AZ31 magnesium alloy were investi-
gated in this paper with emphasis on the effect of Ce(NO3)3
concentration. It was found that when the vanadate concen-
tration was set at 19.7 mM, adding more Ce(NO3)3 resulted
in a thicker conversion coating but with more severe cracks.
Fig. 8. Digital images of the scratched samples after immersion in 3.5 wt.% NaCl solution for different times: uncoated AZ31 Mg alloy after immersion for 4 h (a);
the Ce–V conversion coating after immersion for 4 h (b), 48 h (c), 120 (d) and 168 h (e).
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Fig. 9. SEM-EDS results of the damaged zones on the Ce–V conversion coating after immersion in 3.5 wt.% NaCl solution for different times: the scratch zone after
immersion for 4 h (a), 72 h (b) and 168 h (c); the pit zone after immersion for 168 h (d).
Fig. 10. SEM-EDS results of the uncoated AZ31 Mg alloy after immersion in 3.5 wt.% NaCl solution for 4 h.
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As a result, the corrosion resistance of the coating remained
highest as 9.21 mM Ce(NO3)3 was added to the solution.
2 The Ce–V conversion obtained with optimum condition is
mainly composed of CeVO4 with nearly equal amounts of
Ce(III) and V(V).
3 This study demonstrates that the Ce–V conversion coating
possesses the ability of self-healing. Compared with the bare
AZ31 Mg alloy, much higher Rcoat values and much lower
CPEcoat value obtained from EIS test during one week
immersion indicate that the coating provides long term cor-
rosion protection for Mg alloy. Moreover, the changes in the
EIS and the results of the scratch immersion test exhibit the
self-healing behavior of the coating. The surface analysis in
the scratch immersion test confirms that the self-healing
effect of the Ce–V conversion coating is only provided by
the release and migration of vanadium compounds.
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